Background Seedling recruitment is essential to the sustainability of any plant population. Due to the minute nature of seeds and early-stage seedlings, orchid germination in situ was for a long time practically impossible to observe, creating an obstacle towards understanding seedling site requirements and fluctuations in orchid populations. The introduction of seed packet techniques for sowing and retrieval in natural sites has brought with it important insights, but many aspects of orchid seed and germination biology remain largely unexplored.
INTRODUCTION
Orchidaceae fascinate scientists and nature lovers more than any other plant group. This is largely due to their great structural and functional diversity, and the model examples of coevolution and biological interaction with other organisms. The intricate pollination syndromes involving animal pollen vectors have been explored since Darwin and continue to contribute new intriguing discoveries of biological adaptations. The dependency on fungal hosts during germination, first established by Bernard and Burgeff in the early to mid-20th century, is now recognized throughout, and features and functioning of orchid mycobionts are presently the subject of intensive study. More recently, the pervading role of woody species to orchid biology is gradually coming into focus: epiphytic orchid species evidently employ trees as phorophytes, but not merely as passive scaffolding, as the trees may offer more or less suitable germination sites. Woody plants also contribute organic carbon to orchid mycobionts in several ways: either through roots that are ectomycorrhizal (ECM), or through woody debris and litter that can be utilized by saprotroph mycobionts. Germination site requirements, involving interaction with fungi, other plants and other groups of organisms, are insufficiently known for most species of the ecologically diverse orchid family. In this paper we discuss why this is a problem to the conservation of specific species, and how we may distinguish elements of the complex orchid germination niche to create useful hypotheses towards conservation.
THE PROBLEM OF GERMINATION SITE LIMITATION, AN EXAMPLE
In any conservation or restoration programme for orchid populations it is vital to ascertain that the requirements of the species under study are met, not least the factors that limit seed germination and seedling establishment. If these requirements are unknown, a programme involving change in management or plant translocation may not achieve lasting conservation benefits. Limitations to seed production in a population are easily detected, and seed production can be improved through management actions such as hand pollination (Newman et al., 2007) . In contrast, the failure of seedling establishment may be difficult to detect, if long-lived adult plants of different sizes and unknown chronological age persist in the population.
Picture this example detailed by Pedersen et al. (2012) : only two populations of Cypripedium calceolus (European lady's slipper orchid) are known in Denmark. One grows in tall beech (Fagus sylvatica) forest on calcareous ground and contains about 55 flowering individuals, having declined from 300 over the last 40 years. Known since 1884, the stand has been monitored closely since 1943, but only a few doubtful seedlings have been noted during that time. Provided that no seedling recruitment has occurred since 1943, the remaining individuals are all at least 72 years old, irrespective of their present above-ground size. The other Danish population, in an open sloping pasture with shrubs, was first discovered as a few flowering shoots in 1968. Because the site is visited frequently, there is reason to assume that the population was established within a couple of years of this first observation. Since then, it has increased to more than 1000 aerial shoots (data from 2005). There are now numerous small subpopulations in the field, and the spreading of plants beyond the initial colonization site suggests that the main increase in population size is due to seedling recruitment. Clearly, the first population has symptoms of a senile population (see Glossary of concepts below), adult individuals of which can survive, but where there is no local seedling recruitment because the habitat has changed since the population was established. As the two populations are genetically similar (Fay et al., 2009) , one or a few seeds from the older stand were most probably dispersed to colonize the new site, where apparently favourable conditions for germination and seedling establishment have led to prolific recruitment.
Generally, many orchid species that we regard as intrinsically endangered probably occur as ageing or senile populations because opportunities for local seedling recruitment have disappeared. In particular, this might occur where habitats have been degraded, altered or reduced in extent. This eventually leads to population decline, as the adults succumb to random mortality, but with long-lived species that may be a slow and subtle process. Although wind dispersal may carry the minute orchid seeds far, and there are verified cases of long-distance dispersal, the great majority of seeds lodge in close vicinity to the mother plant (Chung et al., 2004; Trapnell et al., 2004; Jersáková and Malinová, 2007) . Thus, a senile population may have limited capacity to disperse seeds into habitats more favourable to seedling establishment. In the Danish example, about 80 years elapsed ) before a suitable neighbouring area was colonized, less than 15 km from the donor population, and in the direction of prevailing winds.
We cannot deduce germination site requirements when no spontaneous germination occurs, and observation of ecological conditions in senile populations can thus be quite misleading. Supposing we only knew the first population of Cypripedium calceolus in Denmark, we might think of the mature beech forest as a sustainable habitat for the orchid, which it probably is not. A conservation effort towards optimizing seedling recruitment at such a site is likely to fail if the environment is not profoundly changed.
Glossary
Germination mycobiont. A fungus involved in orchid seedling mycorrhiza and supporting seedling development. Seedlings and established plants may subsequently be invaded by other mycobionts and other endophytes not engaged in mycorrhiza. The function and impact on orchid physiology of these adult-stage endophytes are often uncertain.
Germination niche. A set of conditions that needs to be fulfilled for a seed to lodge and germinate. Conditions that always apply in orchid species are the presence of a suitable mycobiont and a supporting organic carbon source (substrate). Several other biotic and abiotic factors also contribute to the germination niche. Germination site. A microsite where all requirements for a seed to germinate are fulfilled. In the context of orchids, a germination site could be a fissure in the bark of a tree, a tuft of moss, the surface of a live tree root or a pocket of humus. Thus, a habitat may contain many, few or no germination sites. A germination site may be transitory, so that germination niche conditions no longer persist in the vicinity of the established plant. Orchid seedling. After germination the orchid seedling passes through a long or short non-phytosynthetic phase during which it is completely dependent on organic carbon from a mycobiont. That dependence usually decreases in the gradual transition to 'established/mature/adult' plant, when mortality also typically changes from high to low. Senile population. A population in which there is no seedling recruitment (e.g. Oostermeijer et al., 1994) . This condition may occur if local germination sites are lacking or seed production fails (due to inbreeding depression, lack of pollinators, poor flowering, loss of plant vigour, cattle grazing, etc.).
ELEMENTS OF THE ORCHID GERMINATION NICHE
It has been about 20 years since seed packets were first employed successfully to explore orchid germination and seedling development in situ (Rasmussen and Whigham, 1993; Masuhara and Katsuya, 1994; Van der Kinderen, 1995; Zelmer et al., 1996) . Because orchid seeds are minute, the first life stages of seedlings previously defied observation, but now experimental sowing in the field constitutes a useful routine procedure for identifying germination requirements. The original seed packets were constructed from pieces of plankton netting enclosed in glass-less slide mounts and used in soil for terrestrial orchid species (Rasmussen and Whigham, 1993) . The basic feature is that the netting should be dense enough to retain the dry seeds but allow fungal hyphae and water to pass. It is also essential that the packets are durable for several years in the field and are easy to label and retrieve for inspection. Several modifications of the orchid seed packets have been developed and used successfully, such as soft packets produced from heat-sealed netting (Batty et al., 2001 ) and multi-chambered packets to compare seeds of several species in the same site (Brundrett et al., 2003) . Although not initially intended for epiphytic orchid species, seed packets have been used with success on tree branches, tied on to the bark surface with strings, wiring or staples Chen et al., 2012) .
Mycobiont identity
To be accepted as an orchid mycobiont it is generally required that the fungi colonize orchid tissues with characteristic orchid mycorrhizal features such as peloton formation, i.e. intracellar hyphal coils, and lack of cortical tissue necrosis [see table 2 in Rasmussen and Rasmussen (2014) for a list of histological features in orchid mycorrhiza]. Sequencing of fungal DNA from orchid tissues has enabled the identification of orchid endophytes, but unless extracted as pelotons it is uncertain whether the fungi in question were in fact mycobionts, i.e. they formed orchid mycorrhiza. The potential mix up of true mycobionts with fortuitous endophytes becomes more likely the older and larger the orchid structures that are being analysed. Most often, we accept that sequencing results or isolations of strains from young seedling tissue represent the mycobiont that was active during germination. The concept of 'seed baiting' (Brundrett et al., 2003) covers the situation when field sowings yield mycorrhizal seedlings that are used to obtain isolates and/ or to sequence the fungus. The case is strengthened if subsequently resynthesis with seeds proves compatible, conforming to one of Koch's postulates (e.g. Fredericks and Rehman, 1996) . Unfortunately, as some germination mycobionts, particularly ECM ones, are difficult to grow in pure culture, confirmation by resynthesis can be hard to produce. Failure to demonstrate subsequent co-culture means that sequencing as sole evidence is of limited value (Prosser, 2013) . Even tissues of spontaneous seedlings or seedlings produced in seed packets may yield fungi that do not form pelotons or whose compatibility is unstable. Non-compatible fungi may stimulate germination per se, but not support subsequent seedling development (Bidartondo and Read, 2008; Zi et al., 2014) . Furthermore, a successful resynthesis in vitro cannot guarantee that the symbiosis would also be ecologically successful, as sterile in vitro coculturing conditions cannot precisely imitate natural growth conditions and ecological challenges.
With these caveats, reports on presumed germination mycobionts reveal an astounding diversity of fungal families (Table 1) , which is currently expanding, as more studies are undertaken. The list presently includes 35 fungal genera, referable to 22 different families, 12 orders and two phyla. Although seedlings of the orchid family thus utilize a broad range of Dikarya (Basidiomycota þ Ascomycota), orchid species appear to be mostly fairly specific to a narrow monophyletic group of fungi or to a selected set of fungi, not necessarily closely related (Fig. 1) . Generally, compatibility is linked to genetic adaptation, but the association could also be determined phenotypically, as suggested by the study of McCormick et al. (2006) . Sympatric orchid species have been noted to germinate with different fungi (Jacquemyn et al., 2012; Těšitelová et al., 2013) and thus differentiate their germination niches, but that does not always apply (Bidartondo and Read, 2008; Těšitelová et al., 2012) .
If we compare reports on the mycobionts associated with seedlings with those from adults, different patterns appear ( Fig. 1 ): some orchid species maintain an association with a single mycobiont, whereas others go through a facultative or obligatory switch of mycobiont at the transition to adult plant or during environmental perturbations (McCormick et al., 2006) or expand their association in adulthood. Seedlingmycobiont specificity appears to be generally narrower than in adult plants (e.g. Bidartondo and Read, 2008; Jacquemyn et al., 2011) , but successful seedling mycobionts are usually a subset of the fungi colonizing roots of the adults. The ecological importance to the plant of these 'adult-stage' fungi is often somewhat uncertain, as at an established stage many orchid species can be sustained by photosynthesis alone.
Life-long orchid-fungus association tends to favour seedling establishment in the immediate vicinity of the mother plant root system, i.e. a positive mother-effect on seedling appearance (Batty et al., 2001; Jacquemyn et al., 2007; Phillips et al., 2011) . This will also be favoured by a generally stable environment in which successional change or habitat alteration is slow. On the other hand, a changeable and patchy environment or a switch of mycobiont during life history would tend to result in seedlings appearing at a distance from the seed parent plants ('mother avoidance'). In Tipularia discolor, germination occurs on rapidly decomposing large woody debris (Rasmussen and Whigham, 1998) , conditions that clearly no longer apply when the plant reaches flowering stage. In a recent review of research to date, no general pattern appeared with respect to germination success between sites containing many mother plants and unoccupied sites (McCormick and Jacquemyn, 2014) . Thus, orchid species differ greatly in the extent to which germination requirements are sustained close to the mother plant. As the chance of unfavourable environmental changes is likely to increase with time, it would probably be increasingly difficult for seeds to find suitable sites nearby, as the mother plant ages.
Mycobiont vitality and carbon source
Knowing the identity of the mycobiont helps to identify the trophic strategy of the fungus and thus the ultimate source of organic carbon for the orchid seedling. However, fungal species in the same genus or family need not share life form, and can have mixed trophic strategies (e.g. Weiß et al., 2011; Veldre et al., 2013) . The distinction between ECM fungi and decomposers is not always clear-cut, as for example there can be some saprotrophic capacity in ECM fungi (Cullings and Courty, 2009 ). The ultimate carbon source for the fungus-seedling symbiosis can thus also be mixed in origin.
Orchid seedling mycobionts have been found to include saprotrophs, ECM fungi and probably pathogens (Veldre et al., 2013) . Thus, the ultimate sources of organic carbon can be dead plant parts or live plant exudates. In principle, it is irrelevant to the orchid how the fungus obtains carbon, but the distribution of the orchid may be limited indirectly by the limitation of the mycobiont to sites where the required substrate occurs.
Many orchid seedling fungi can be cultivated in vitro on complex carbohydrates, demonstrating their capacity to live on organic debris such as decaying wood and leaf litter. Studies of decomposer orchid mycobionts in vitro are helpful and will demonstrate what is physiologically possible (Látalová and Baláž, 2010; Guimarães et al., 2013) , but laboratory-based observations of organisms in isolation do not necessarily correspond to situations in a competitive and changeable natural environment. The impact of carbon source availability can be demonstrated by use of seed packet sowings in situ in modified substrates (Whigham et al., 2002; McCormick et al., 2012) . Results of this may show that certain species of wood and stage of decomposition influence the germination success, but we also suspect from observation of spontaneous seedlings that in some orchid/fungi associations, large decaying tree parts may The evidence was sorted into three categories: (1) in italics -fungi originally isolated, not from seedlngs, but from adults of the same or other orchid species or from fruiting bodies, but seedling mycorrhiza subsequently synthesized in vitro; (2) in plain text -fungi sequenced from in situ seedlings; and (3) in bold -fungi isolated from seedlings obtained be important (Rasmussen and Whigham, 1998) , which is difficult to demonstrate in the laboratory. Thus, the type and abundance of organic material can distinguish germination niches for particular orchid species, but clearly not all species benefit from a high abundance of dead organic material, e.g. Drakaea species from Australia (Brown et al., 2013) . When orchid seedlings occur in coarsely grained mineral soil, bark and rock surfaces where little organic matter accumulates, the most likely explanation is association with saprotrophic fungi that are sustained by rapid remobilization of organic matter from senescing plant structures or exudates. In the south-western Australian biodiversity hotspot, home to over 400 taxa of terrestrial orchids, many species grow on soils that hardly accumulate humus at all (Brown et al., 2013) , and neighbouring herbaceous plants may be considered the likely source of the small amounts of carbon required for establishment of the seedlings.
Epiphytic orchids almost always occur where there are numerous other types of epiphytic life including algae, cyanobacteria and lichens, even on a smooth bark surface, that could yield organic carbon. However, the importance of these other substrates as carbon sources for orchid mycobionts is poorly understood. Furthermore, epiphytic orchid seedlings have the option of rapidly turning to photosynthetic activity as a source of carbon, although this did not apply in the species studied by Wang et al. (2011) .
Several orchid germination fungi have been identified as forming ECM on roots of neighbouring trees (e.g. McKendrick et al., 2000; Selosse and Roy, 2009; Shefferson et al., 2011) . In this relationship, photoassimilates from the trees serve as the carbon source that is transferred via the ECM fungi into the seedlings. Being dependent on the presence of woody roots, association with ECM fungi is not an option that is likely to support development of epiphytic orchid seedlings. Some of the ECM-forming orchid mycobionts are closely related to supposedly saprotrophic orchid mycobionts in Ceratobasidium (Veldre et al., 2013) . Other ECM-forming orchid mycobionts belong to entirely different fungal groups (Table 1) .
Fairly specific or selective relationships combining an orchid, a mycobiont and a mycorrhized host tree or shrub are known. Corallorhiza trifida, which associates exclusively with fungi in Thelephoraceae (McKendrick et al., 2000; Zimmer et al., 2008; J. Jersáková and T. Těšitelová, unpubl. res.) , was found to germinate in association with ECM on the woody roots of Salix repens and Betula pendula, but not Pinus sylvestris (McKendrick et al., 2000) . In other habitats the same orchid species occurs under other ECM-forming trees such as Fagus sylvatica, which implies that the fungus has a host range beyond Salix and Betula, or that more than one fungal species are involved over the geographical and ecological range of the orchid species. Rhizanthella gardneri grows exclusively in connection with fungi that form ectomycorrhizal links to Melaleuca uncinata sens. lat. (Warcup, 1985; Swarts and Dixon, 2009) .
The inoculum potential (abundance and vitality) of the mycelium appears to play an important role in determining if a terrestrial microsite can support a germination event (McCormick et al., 2009) . Most probably, the same applies to inoculum density on the bark of a phorophyte. As the mere presence of the mycobiont may not be sufficient to create suitable germination conditions, the amount and availability of the carbon source must be considered a crucial element in the germination niche.
Factors that need to be considered in restoration and management plans for orchid habitats differ somewhat with the life form of the mycobionts in question. If they are saprotrophs, the amount and quality of soil organic material are particularly important, and the presence of a particular species of (woody) plant continuously yielding suitable debris or litter could be crucial. These requirements for optimizing the substrate for the natural inoculum remain largely unexplored. In ECM mycobionts, orchid seedling recruitment depends on the availability of live roots of certain woody species in the same habitat. If the orchid species in question develops autotrophic capability as an adult, and the individuals are long-lived, they could potentially persist and florish, many years after the woody plants in question have disappeared from the site, and the habitat thus has become unable to support seedling establishment.
Abiotic factors
The importance of abiotic factors at the germination site has often been overlooked, mainly because focus has been on the more obvious interactions between orchid seeds, fungi and carbon sources. In fact, abiotic factors may influence orchid, fungi and carbon sources differently, which adds greatly to the complexity of defining conditions that favour germination and seedling development (Fig. 2) .
Abiotic factors such as temperature and substrate moisture offer seasonal cues that can release seed dormancy and/or enhance seed germination. Orchid germination is in some cases strictly seasonal, employing a short time window between seed ripening and seed vitality loss (Batty et al., 2001) . As the seedling stages before the development of leaves and storage tissues are highly dependent on sustained moisture and appropriate thermal regimes, synchrony of germination and time and conditions for sufficient growth before an unfavourable season can be critical for germination and establishment. Seeds responding to climatically driven after-ripening and stratification probably germinate when these processes are fulfilled (Zettler et al., 2001) . Outside drought-prone areas and in species with great seed longevity, synchronization of germination does not appear essential, and the mixture of growth stages among seedlings in seed packets suggests non-synchrony (T. Těšitelová, unpubl. res.) . Overall, the thermal and moisture requirements for successful germination and seedling establishment will probably be similar within the same life form class and site. However, this assumption needs to be tested empirically. Sowing experiments in which seed packets were subjected to differential watering regimes have demonstrated the enhancing effects of substrate moisture on germination (Scott and Carey, 2002; Diez, 2007) but it is not clear whether the effect is a direct one on the seeds or indirect, by benefiting mycelial survival and growth. Successful mycelium growth could enhance water uptake capacity in imbibing seeds and seedlings (Yoder et al., 2000) . Similarly in epiphytes, the presence of mosses on host trees and substrate water availability are critical factors determining germination success and subsequent establishment (Tremblay et al., 1998; Zettler et al., 2011) . Activity of the mycobiont and the supply of its organic substrates are seasonally variable and subject to climatic factors such as chilling and moisture. Growth of decomposing fungi is highly dependent on moisture conditions of the litter (Osono et al., 2003) , and ECM root biomass decreases during drought periods (Izzo et al., 2005) . Changes in temperature and precipitation are thus bound to have an impact on orchid seedling recruitment, directly on seeds/seedlings and indirectly on availability of fungi and carbon source.
Light is inhibitory to germination in many terrestrial orchid species and even some epiphytic species (Dutra et al., 2009; Vasudevan and Van Staden, 2010) . The biological effect of light inhibition could be to ensure that, before germination, the seed has sufficient time to sink into the substrate to escape desiccation and obtain thermal stability suitable for the young seedling. Correlation of canopy coverage with successful germination and early epiphyte seedling development, as in the study of Kartzinel et al. (2013) , could be due to light avoidance during germination and increased seedling survival and growth under a more mesic shaded microclimate. Studies in vitro (i.e. under high humidity) show that irradiation affects organ development in symbiotic orchid seedlings and promotes development of photosynthetic structures while suppressing development of mycotrophic tissues . In natural situations, however, desiccation might be a fatal consequence of high light exposure on seedlings. In general, studies of light effects in vitro, and particularly asymbiotic studies, should be interpreted with due caution as to their ecological relevance.
In terrestrial taxa, soil structure affects the ability of seeds to trickle down to a required depth before germination (Wright et al., 2007) , and it also affects the efficiency by which mycelia spread in the ground (Otten et al., 2001) . Seed packet experiments investigating depth of sowing may show differential germination in different strata of the soil, the best result being found surprisingly deep at 10 cm below the surface (Van der Kinderen, 1995) . Observations elsewhere suggest that this is not an uncommon depth in terrestrial orchid seed germination (Rasmussen, 2011) . The situation may vary with soil type/structure, as fungi from Tulasnellaceae were found most abundantly in the top 5 cm of forest soil (McCormick et al., 2013) . Surface texture of bark (i.e. thickness, rugosity, shedding rate, density and water-holding capacity) is probably important both for the attachment of epiphytic orchid seeds and for the growing conditions for the mycobiont. Some orchid species seem to employ a broad range of phorophytes (Catling et al., 1986; Tremblay et al., 1998) . Observations that some tree species are prone to carry epiphytes whereas others are poor phorophytes might be explained by textural or chemical properties of the barks (Frei and Dodson, 1987; Otero et al., 2007a,b; Gowland et al., 2011) . Harshani et al. (2014) demonstrated a positive effect of aqueous and organic bark extracts from host trees on both seed germination and mycobiont growth in vitro, compared with extracts from non-host trees. However, little has been done to investigate such features in relation to orchid seedling recruitment in situ. Studies that show a preference of certain orchid species for old large trees (Bradley and Carter, 2008; Adhikari et al., 2012) or dead trees (Otero et al., 2007a,b; Riofrío et al., 2013) rarely attempt to identify the determining factors for germination, whether physical or chemical. It should be borne in mind when evaluating the germination site potential based on observations of epiphytes in adult and flowering stages that the phorophyte could have been considerably younger when the germination took place, and the supporting stems or branches thus more exposed. There is a great need for further studies in epiphytic orchid germination through in situ investigation in tree crowns, e.g. with modified seed packet techniques, such as those established by Zettler et al. (2011) and Wang et al. (2011) , in which the seed packets were attached by staple gun and gutter mesh to tree trunks or inserted under the humus and moss layers near the roots of adult orchids. Such studies will provide important insights into germination site requirements in the epiphytic ecosystem and the temporal nature of the recruitment window in epiphytic species.
The edaphic preferences of several species of terrestrial orchids have been investigated (e.g. Bowles et al., 2005; OguraTsujita and Yukawa, 2008) . However, studies in which current seedling establishment is not ascertained may be based on senile populations, and cannot provide information on whether the edaphic conditions are still favourable for germination sites. A safer approach is to use seed packets, either with amended substrate or with corresponding soil analyses, so that a direct understanding of the influence of various soil factors in germination and seedling growth may be established (Batty et al., 2001; Phillips et al., 2011) .
Biotic factors (other than the mycobionts)
An additional level in the complex orchid germination niche is the influence of external biotic factors on seeds/seedlings, fungi and their carbon source, which can be either negative or positive (Fig. 2) . Such factors could impact also on abiotic factors and in indirect ways affect the successful outcome of germination and seedling establishment. Examples of such biotic factors include:
Competing orchid seedlings: conspecific or not. Seed antagonists such as predators and parasites (McCormick et al., 2013) . Mycobiont antagonists, such as competitors for the same carbon course, fungal parasites or fungivores. Non-symbiont microorganisms that interfere with seed dormancy. This could have positive effects, such as participation in degrading an impermeable seed testa (Barsberg et al., 2013) , but non-compatible interference could also exhaust seed reserves without establishing a regular orchid seedling mycorrhiza, thus leading to seedling mortality, such as with Trichoderma sp. (Zi et al., 2014) . Sympatric microorganisms that influence microenvironment, such as water balance, nutrient content and substrate quality. Vegetation that affects light exposure of orchid seeds and seedlings, competes with them for water and nutrients, or competes with a preferred carbon source producer.
Many of these interactions remain largely unexplored and clearly need to be considered if a site is to be ameliorated for recruitment of seedlings (Wright et al., 2007) . Even with establishment of an enduring orchid mycorrhiza, few seedlings may survive the early seedling establishment phase (McKendrick et al., 2000) , so presumably seedling mortality is often high in nature. Batty et al. (2001) estimated for a terrestrial orchid with a short-lived seedbank that of the approximately 34 500 seeds examined, less than 1% reached a seedling stage that could survive the first summer drought.
A general observation for terrestrial species is that seedling proliferation frequently occurs after natural or anthropogenic disturbance of a dense vegetation cover by fires, mowing, grazing or disturbance of the soil by animal diggings (e.g. Whigham and Willems, 2003; Janečková et al., 2006) . Many orchid species are opportunists and thus able to invade open habitats with limited or no vegetation cover and low levels of competition, such as recent lava flows, mine tailings, sand pits, roadside clearings and urban construction sites (e.g. Light et al., 2003) . This suggests that certain biotic factors, such as those mentioned above, need to be suppressed or eliminated before orchid seedlings can establish.
CONCLUSIONS
The development of in situ sowing methods has over the last two decades inspired numerous studies in temperate terrestrial orchids, resulting in a considerable amount of information on natural seedling establishment. In contrast, exploration in the tropical and epiphytic species has just begun and greater efforts in that direction would be welcomed. Of particular interest would be to clarify the nature of the interaction with phorophyte bark, and the importance of exposure and forest microclimate.
It is necessary to identify germination site requirements to make informed decisions on approaches to habitat conservation and restoration. This applies when an orchid population relies only on natural seedling recruitment, and equally when introduction of seeds, artificially propagated plants or seedlings is attempted. Observations only on dwindling orchid populations can be misleading, as germination sites are small and may no longer persist among established plants.
Many of the factors involved in the orchid germination niche would also have to be considered if the plants concerned were non-orchids. However, because a fungus and its carbon source are obligately involved in orchid germination, there is a multitude of interactions possible between these three central elements and other biotic and abiotic factors, as we have tried to illustrate in Fig. 2 . A similar complexity in germination requirement could be imagined to apply in other plant groups with parasitic seedlings. With this complexity, it is hardly surprising that germination site differentiation in orchids has been noted to occur over distances of a few centimetres (Phillips et al., 2011) . The complex of requirements would also allow each orchid species to apply a unique germination strategy. That would mean that there is a germination story to explore in each orchid conservation case, and that generalizations from species to species can be of limited use. However, information gained for one species may help in formulating hypotheses for the next.
An experimental approach is usually required to test such hypotheses, involving manipulations such as those outlined in the previous pages. To distinguish factors, a range of model studies in the laboratory and field will often be required, always keeping in mind the limitations entailed in simplified systems. Information on germination requirements will be foundational in terms of advancing orchid conservation and habitat restoration. Researchers should share their experiences, even unsuccessful ones, through groups such as the Orchid Specialist Group of the Species Survival Commission of IUCN. One of the future directions could be initiatives similar to those launched by the North American Orchid Conservation Center (NAOCC) that co-operates with botanic gardens and research organizations in developing symbiotic propagation protocols for native orchids. With that programme NAOCC aims to identify ecosystem conditions that result in viable populations.
